A RECENT editorial in this journal 1 comments on the difficulty of establishing a physiological basis for the clinical, electrocardiographic, and hemodynamic effects of cardiac glycosides on the hearts of patients with heart disease. It is now accepted that heart muscle is not a syncytium, but consists, like other organs, of discrete cells.2 Accordingly, measurements of cardiac function reflect the integrated activity of multiple cellular units, and an analysis of the effects of a pharmacological agent may logically begin with a discussion of its action on the single heart muscle cell. A consideration of the effects of cardiac glycosides at the cellular level aims at a reformulation of their mechanism of action, taking into account current concepts of the ultrastructure, physiology, and enzyme chemistry of the myocardial cell membrane and contractile apparatus. Since these drugs act most strikingly on failing hearts, such a reformulation necessarily bears on the cellular basis of heart muscle failure. This article describes in nontechnical terms the effects of cardiac glycosides on the transport of ions through the cell membrane, and considers the mechanisms by which these drugs may affect the contractile function of the myocardial cell. Although these agents have important physiological effects on other tissues, this presentation is restricted to heart muscle.
As a framework for discussion, it is conFrom the Biophysical Laboratory, Harvard Medical School, Boston, Massachusetts.
Circulation, Volume XXX, August 1964 venient to consider the actions of cardiac glycosides in terms of three cellular systems that must function sequentially before a contraction of the muscle cell can result. These systems are, in order, (1) the cell membrane, which regulates the chemical and ionic composition of the solution inside the cell. This membrane undergoes depolarization and repolarization, the cyclic changes in electrical potential that determine the propagated action potential of single heart muscle cells. The action potentials of many single cells, in turn, summate in time and space to produce the QRST complexes of the electrocardiogram of the whole heart, recordable from the body surface. (2) An intermediate system by which the electrical events at the cell surface are transmitted to the contractile elements located in the cell interior. ( 3) The contractile elements or myofibrils that contain the contractile proteins, whose configurational changes are the immediate basis of contraction and relaxation. The cellular locus for the primary reactions involved in the action of cardiac glycosides on failing hearts has not yet been identified. It is therefore useful to consider separately the experimental effects of these agents on each of the three cellular systems, and to evaluate to what extent these experimental observations explain the pharmacological phenomena of interest to clinical cardiac physiologists. PAGE may be regarded as a porous partition, with interstices containing an aqueous salt solution. Through these interstices ions like sodium (Na) and potassium (K) are continuously leaking into and out of the cell. An ion tends to leak in a "downhill" direction, that is, in the direction determined by the forces acting on it. Two forces predominate in the movement of ions across cell membranes. The first of these, called the concentration gradient, causes ions to migrate spontaneously from regions where their concentration is high to regions where it is low. This force tends to bring about a redistribution (equilibrium) in which the concentration of each ionic species is the same everywhere. The second force, called the gradient of electrical potential, causes electrically charged particles like ions to be attracted to regions having a charge opposite to their own, and to be repelled by regions having the same electrical charge as that on the ion. As illustrated in figure IA, the solution inside the heart muscle cell contains a high concentration of K and a low concentration of Na, while the solution bathing the outside of the cell is characterized by the reverse relationship, a high concentration of Na and a low concentration of K. The concentration gradient therefore favors the diffusion of Na into the cell and the diffusion of K out of the cell. As explained in detail in a previous review,3 K ions diffusing out of the resting heart muscle cell in the form of KCI interact with charged molecules built into the walls of the interstices in the membrane. This interaction results in the setting up of an electrical potential difference across the membrane, the resting membrane potential. Because of the electrical potential difference, the intracellular solution is electrically negative with respect to the solution outside the cell ( fig. 1A) . Positively charged particles like the Na and K ions are therefore attracted to the cell interior by an electrical force. It is apparent from figure lB that both forces, the concentration gradient and the gradient of electrical potential, will cause extracellular Na ions to migrate in the same direction, the result being a net movement of Na into the cell. This net movement is impeded by the cell membrane, which, in the resting state, is relatively impermeable to Na ions. Impermeability to Na is not, however, absolute. Over a sufficiently long period of time appreciable amounts of positively charged Na ions would 
The decrease in intracellular K concentration secondary to interference with active trans-* The relation between movements of K and Na discussed above is based on the simplest possible mechanism, an active transport of Na coupled by electrostatic forces to movements of K, the K ion being passively distributed. Alternative formulations include (1) separate active transport mechanisms for K and Na coupled by electrostatic forces or through a common dependence on a chemical reaction or reaction sequence; (2) utilization by both K and Na of the same membrane transport mechanism to transport K into the cell and extrude Na from the cell (usually referred to as a "K-Na exchange pump").
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port of Na out of the cell is thus associated with a fall in the resting potential difference, the intracellular solution becoming less negative relative to the extracellular solution.
During the upstroke of the action potential, the electrical potential difference across the membrane reverses sign, the potential of the intracellular solution becoming transiently positive with respect to that of the extracellular solution, as described in a previous review. 3 This cyclical change in the membrane potential is associated with a short-lived increase in its passive permeability (leakiness) to Na. Consequently Na transiently diffuses into the cell and must be extruded during repolarization or electrical diastole. Since this extrusion takes place against the gradients of chemical concentration and electrical potential (the potential having reverted to intracellular negativity), the reversal of the Na movements associated with spontaneous excitation and conduction involves active transport of Na. Accordingly, agents that inhibit active transport may be expected to affect repolarization.
Inhibition of Active Transport of Na by Cardiac Glycosides
The Schatzmann, 7 who demonstrated that these pharmacological agents inhibit active transport of Na and K in human red blood cells, an effect subsequently found in many cell types throughout the animal kingdom. Figure 2 illustrates what happens to the intracellular concentrations of K, Na, and Cl and to the cell volume when papillary muscles from the right ventricles of the cat heart 8 are exposed for 3 hours to a physiological salt solution containing the cardiac glycoside ouabain (strophanthin-G) at a concentration of 0.01 mM. It is apparent from the figure that the effect of inhibition of active transport with ouabain is a large primary increase in the intracellular Na concentration, with a large secondary decrease in the cell K concentration and a moderate increase in the cell Cl concentration. The Changes in intracellular ion concentrations and water content of cat right ventricular papillary muscles after 3 hours in 0.01 mM ouabain. The external K concentration was 2.5 mM.
Circulation, Vo/lume XXX, August 1964 importance of active transport for the maintenance of cell volume is illustrated by the fact that these changes in intracellular ionic concentrations are associated with swelling of the cell, as reflected by an augmented cellular water content. The swollen, ouabain-poisoned cell, characterized by a low cell K concentration, low resting electrical potential difference, and high Na and Cl concentrations, is an example of what would result if ions were allowed to diffuse "downhill" toward an equilibrium state.
An important physical principle, the restriction of electroneutrality, states that for both the cellular and extracellular salt solutions the total number of positive charges must be exactly equal to the number of negative charges. This principle requires that any net entry into the cell of the negatively charged extracellular Cl ion occur in association with a positively charged ion. Since the predominant extracellular cation is Na, Cl enters the ouabain-poisoned cell as NaCl. Electroneutrality further requires that K ions leave the cell either accompanied by a permeant anion like chloride or in exchange for an extracellular cation. Under the conditions of cardiac glycoside inhibition there is no net outward movement of Cl, and the loss of cell K should reflect an exchange with extracellular Na. It therefore becomes possible to analyze the total gain in cell Na in the cardiac glycoside-poisoned cell into Na that enters as NaCl and Na that enters in exchange for K lost by the cell. An experimental comparison of the amount of Na exchanged for K with the total cellular loss of K has indeed shown that the loss of cell K occurs very nearly as a one-for-one exchange with extracellular Na. 8 The characteristics of active transport in heart muscle are further illustrated by the dependence of the effects of cardiac glycosides on the K concentration of the solution bathing the outside of the heart muscle cell, as shown in figure 3A . The experiments described by the figure were designed to test the effect of raising the extracellular K concentration 10-fold, from 2.5 to 25 mM. At the same time the K concentration inside the cell before the addition of ouabain was kept at about 180 mM by a method previously de- scribed.3 The experiment on the left in figure   3A shows the marked cellular loss of K and uptake of Na in 0.01 mM ouabain at low Circulation, Volume XXX, August 1964 (2.5 mM) external K concentration. At this high ouabain concentration, a 10-fold increase in external K concentration to 25 mM results in a somewhat smaller ouabain effect, although the net loss of K and gain of Na are still very large. If, as in the experiment on the right side of figure 3A , the cardiac glycoside concentration is reduced by a factor of ten to 0.001 mM, the inhibition of active Na transport at low (2.5 mM) external K concentration is still marked. However, at this lower ouabain concentration, a 10-fold increase in the external K concentration to 25 mM virtually eliminates the loss of cell K and uptake of Na which are such prominent features of the ouabain effect at the lower (2.5 mM) external K concentration. These results are consistent with a competition between the K ion and ouabain for a site of combination with the active transport mechanism of the heart muscle cell membrane. According to this view, the left half of figure 3A shows the cardiac glycoside to have a high affinity for the site of attachment. Because of this high affinity, a 10-fold increase in external K concentration at a ouabain concentration of 0.01 mM is insufficient to displace the ouabain and cannot therefore prevent its inhibitory effect on active transport. By contrast, at the lower (0.001 mM) ouabain concentration ( fig. 3A , right half), a 10-fold increase in external K concentration effectively saturates the critical sites with K to the exclusion of the cardiac glycoside. Figure 3B emphasizes that the significant difference at the start of this experiment, between the arrangement in which active Na transport is inhibited and the arrangement in which no inhibition occurs, is the 10-fold difference in K concentration bathing the outside of the cell membrane, the K concentration initially bathing the inside surface of the cell membrane (facing the cytoplasmic solution) being identical in both cases.
If the cardiac glycosides inhibit active transport of Na by displacing K ions from a critical site at the outward-facing surface of the cell membrane, it should be possible to
Effect , and is apparently actively transported out of the heart muscle cell,'8' 19 also needs more conclusive study than it has so far received. In assessing the relevance of the inhibition of active ion transport to other physiological effects, it is necessary to consider the possibility that tissue concentrations of cardiac glycoside that interfere with ion transport may be higher than those required for effects on excitability, impulse generation, and contractility. Moreover, the sensitivity to a given concentration may well differ for the sinoatrial node, atrioventricular node, atrial and ventricular myocardium, and Purkinje system. In addition, subtle effects of cardiac glycosides on the passive membrane permeability ('leakiness" of the membrane and related properties) remain to be excluded.
Effects of Cardiac Glycosides on Contraction and Excitation-Contraction Coupling
It can be stated at the outset that the effect of cardiac glycosides on contraction of the heart is not understood. This uncertainty is a consequence of deficiencies in the available information about many of the steps in the sequence of cellular events leading to contraction and relaxation of the myocardial cell. Present concepts of these processes attempt to integrate relevant features of the ultrastructure, the results of physiological experiments on isolated heart muscle preparations, and the known biochemical reactions of proteins and other substances extracted from broken cells. The positive inotropic (contraction-promoting) effect of cardiac glycosides, whatever their site of action, must be mediated through the existing cellular contractile apparatus. It is therefore appropriate to outline what is known of this apparatus, before considering at what points in the contractile sequence the cardiac glycosides might intervene.
Contraction of the Heart Muscle Cell
The ultimate contractile event takes place in the myofibrils, the intracellular structures that give the banded appearance (striation) to heart muscle under the microscope. A schematic representation of the myofibril ( fig. 4) shows it to be made up of longitudinially repeating units called sarcomeres, the most prominent features of which are the anisotropic or A-band, the isotropic or I-band, and the Z-band. When the myofibril is stretched, the A-band contains predominantly the thick filaments of the contractile protein, myosin, while the I-band is composed mainly of thin filaments of the complementary contractile protein, actin, anchored in a complex way20 to the Z-band. The currently most widely accepted model of myofibrillar contraction is one in which the actin filaments of the I-band slide between the myosin filaments of the A-band;21 in this model certain points of contact between the two filaments in the region where they overlap are believed to be the sites of the fundamental chemical reaction of muscular contraction. In this reaction actin and myosin combine in the presence of ATP to produce the compound protein, actomyosin. The energy source for this combination On the basis of this assumption, he was able to calculate that such a system could conduct the electrical impulse from the cell surface to the myofibril rapidly enough to account for the short interval between excitation and myofibrillar contraction observed in frog skeletal muscle. Huxley and Taylor,28 using a microtechnic for applying depolarizing potassium solutions to sharply localized areas of the cell membrane, showed that contraction of the underlying myofibril resulted only when the depolarizing solution was deposited at certain sensitive points on the cell surface, corresponding to the surface terminations of the transverse tubular system. Although similar crucial experiments have not yet proved feasible in heart muscle, it seems likely that the surface openings of the cell membrane invaginations shown in figure  5 would correspond to Huxley and Taylor's potassium-sensitive loci.
Neither the discovery of a membrane structure implicated in excitation-contraction coupling nor the theoretical feasibility of a cable-like transmission of the electrical impulse toward the myofibril explains the immediate process by which the contractile proteins within the myofibril are induced to uindergo the characteristic configurational changes of contraction and relaxation. This process hias been inost inltenisively studied by measuiring tie rate and magnitu(de of tension development in isolated frog29- 31 propagated action potentials, and therefore also electrical excitation, cannot take place. Any changes in developed tension during potassium-induced contracture must consequently result from effects localized nearer the contractile mechanism than the initial depolarization of the cell membrane, i.e., either at the link between excitation and contraction or at the contractile process itself.
Effects of Calcium Ion
Physiological studies on excitation-contraction coupling have drawn attention to the importance of the Ca ion, beginning with the observation by Ringer 33 that contractions of the frog heart can be reversibly stopped by omitting Ca from the bathing solution. In the same preparation, a specific effect on contraction was suggested by Mines, 34 are also Ca-sensitive phenomena that may be implicated in the process linking excitation to contraction.
The sensitivity to Ca of the myofibrillar reactions between the contractile proteins and ATP, corresponding to contraction and relaxation of the myofibril, has already been mentioned. The Ca concentration in the immediate environment of the myofibril appears to be subject to regulation by an intricate, membrane-limited system of tubules and vesicles, the sarcoplasmic reticulum,37 which has extensive ramifications throughout the heart muscle cell. It can be shown that membrane fragments derived from the sarcoplasmic reticulum have a striking capacity to take up Ca ions.38 ' 39 This property may serve to lower the Ca concentration in the immediate environment of the myofibril, thereby allowing the contracted myofibril to undergo relaxation. 39 Like the reactions between the contractile proteins, the uptake of Ca by the reticulum depends on the splitting of the "energy-rich" phosphate bond of ATP.
Although both Ca and cardiac glycosides enhance cardiac contractility, physiologists have long appreciated that the mechanisms of action of these two agents are different (see review by Hajdu and Leonard).40 Attempts to reconcile this difference by the suggestion that cardiac glycosides lower the intracellular Ca concentration have not to date been experimentally verified. In fact, concentrations of K-strophanthoside which inhibit active transport of Na appear to interfere with the extrusion of Ca from frog heart muscle cells. 41 A critical discussion of the cellular basis of spontaneous rhythmicity, impulse generation, and conduction in heart muscle is beyond the scope of this article. For a recent appraisal of the effects of cardiac glycosides on these cellular functions the reader is referred to the review by Trautwein.48 Approaches for Future Research It is apparent from the foregoing discussion that the contraction cycle of heart muscle cells involves multiple steps, beginning with depolarization of the cell membrane and ending with relaxation of the myofibril. The site of cellular action of the cardiac glycosides and the cellular functional alterations in heart failure are logically approached by identifying the changes produced at each stage between the membrane and the myofibril. At present this approach is hindered by the as yet incomplete identification of the various steps and of the structures corresponding to these steps, by the lack of a convenient preparation for the experimental simulation of heart failure, and by the relative insensitivity of available methods for measuring membrane properties and contractility in heart muscle. The information now available emphasizes phenomena involving K, Na, Ca, and ATP largely because these substances are relatively easy to measure and not because their behavior is necessarily more interesting or fundamental than that of other, less readily accessible substances or phenomena.
In approaching the related problems of cardiac muscle cell contraction, failure, and cardiac glycoside effect, many questions remain to be investigated. It is, for example, necessary to determine how the energy inherent in the chemical bonds of cellular "energy-rich" phosphate compounds is made available for work of contraction, transport, and synthesis of cellular components (the problem of energy transduction), how the relative energy expenditure for each of these forms of work is distributed under various conditions, and whether an excessive energy expenditure for one function (e.g., contraction) may compromise the supply of "energyrich" intermediates required for the other functions. Information is needed on the synthesis as well as on the physicochemical, electron-microscopic, and x-ray crystallographic properties of myofibrillar and other intracellular proteins in normal, hypertrophied, and failing hearts both in the presence and the absence of cardiac glycosides. Under these same conditions the experiments of Huxley and Peachey49 on skeletal muscle cells, suggesting that contractility depends on the degree of overlap between actin and myosin Circulation, Volume XXX, August 1964 filaments ( fig. 4 ) and is critically related to the degree of stretch, must be repeated in heart muscle. Heat production and absorption in association with contraction and relaxation, as well as the mechanical properties of heart muscle, must be studied with more quantitative methods 32 than heretofore to obtain more precise definitions of the effects of hypertrophy, failure, and cardiac glycoside action. The scope of the problem calls for a concerted and systematic effort by scientists from multiple disciplines of basic biological science. Only by isolating the pertinent cellular systems and structures can the relevant chemical reactions be identified and studied by the methods of enzyme, organic, and physical chemistry, which will ultimately explain heart failure and the actions of cardiac glycosides on it.
Summary
In experimental heart muscle preparations cardiac glycosides specifically inhibit the active transport of Na ions out of heart muscle cells. By this action they bring about a net cellular accumulation of Na and, secondarily, a net cellular loss of K and uptake of Cl, cell swelling, and a fall in the electrical potential difference across the resting cell membrane. The site of inhibition appears to be the external surface of the cell membrane and to involve a displacement of K ions from a critical site at this surface. Inhibition of active transport by cardiac glycosides in intact cells has a counterpart in cell membrane fragments, in which the drugs inhibit the Na-and K-activated enzymatic splitting of adenosinetriphosphate.
The contraction-promoting effect of these drugs is not understood, principally because the sequence of events in cellular contraction and its alterations in heart failure have been only incompletely identified. Cellular contraction has been divided for descriptive purposes into three stages, including depolarization, excitation-contraction coupling, and shortening and relaxation of the myofibrils containing the contractile proteins. Neither the inhibition of active ion transport nor the exCirculation, Volume XXX, August 1964 perimental observations on the three stages of the contractile sequence explain the therapeutic effects of cardiac glycosides. Experimental approaches to the question of cardiac glycoside action at the cellular level and to the related problem of heart muscle cell failure are suggested.
